DuringananalysisofDNAenzymesby gelelectrophoresis, we found that some DNA enzymes can adopt more than one conformation. The DNA enzyme Dz31 that formed more than one conformer contained a stretch of G residues. Further investigations, involving kinetic analysis and measurements of circular dichroism, indicated that this DNA enzyme and its derivatives formed G-quadruplexes. Moreover, we found that some derivative oligomers were capable of forming dimeric G-quadruplexes. We also compared the catalytic activities of Dz31 and its mutant derivatives. The present findings suggest that DNA enzymes with five or more continuous G residues are less favorable than those without G 5 in the association step in the enzymatic reaction and, thus, the choice of targets that contain a continuous stretch of C residues downstream of the cleavage site should be avoided. In addition, we found that negative chargecharge repulsion disrupted the dimerization of G-quadruplexes when a phosphate group was added directly to the 5 0 -terminal G of oligomers with continuous guanosine residues. In the case of 5 0 -phosphorylated G 5 CTA, direct attachment of a phosphate group to the continuous G 5 sequence inhibited dimerization of G-quadruplexes, at least during electrophoresis on a denaturing gel.
INTRODUCTION
Unlike double-stranded DNA, single-stranded DNA can fold into well-defined, sequence-dependent tertiary structures; it can bind specifically to a variety of target molecules and it can exhibit catalytic activity similar to that of ribozymes or protein enzymes (1-3) even though no natural catalytic DNAs have been identified. DNA enzymes were discovered by in vitro selection procedures and were shown to catalyze chemical reactions, such as phosphoester transfer, phosphoester formation, porphyrin metalation, DNA capping and the cleavage of RNA or DNA, in the presence of divalent cations (4-10). Joyce's group and Breaker's group have developed DNA enzymes that can cleave RNAs in a sequence-specific manner and, thus, DNA enzymes may prove useful as inactivators of mRNAs of interest (11, 12) . The catalytic domain of a DNA enzyme is flanked by two substrate-recognition domains of seven or eight deoxyribonucleotides each, and the RNA substrate binds to the DNA enzyme through Watson-Crick base pairing ( Figure 1 ). DNA enzymes can be complementary to ribozymes, such as hammerhead and hairpin ribozymes, and they have broad sequence-specificity and higher stability than RNA enzymes in cells. Therefore, it should be possible to utilize DNA to build new enzymes for applications both in vitro (13) and in vivo (14, 15) .
DNA enzymes have been engineered to act in trans against other RNA molecules and to catalyze the cleavage of phosphodiester bonds at specific sites to generate products with a 2 0 ,3 0 -cyclic phosphate and a 5 0 -hydroxyl group (16) . In previous studies, we showed that a DNA enzyme, designated as DNAzyme (31mer) or Dz3 (this DNA enzyme is referred to as Dz31 in the present paper; Figure 1 ) and directed against an mRNA (17mer) motif (b2a2), successfully cleaved its substrate at a specific position in vivo (14, 15) . The 17mer substrate designated b2a2 is a part of the b2a2 mRNA that is transcribed from the Philadelphia chromosome, which results from reciprocal chromosomal translocations and produces cytogenetically abnormal cells in patients with chronic myelogenous leukemia (17) . For our subsequent studies of structure-activity relationships in the active core of DNA enzymes, we have focused on Dz31 and, during the present study, we found an unexpected complex, with lower mobility than expected, when we were checking the purity of Dz31 by gel electrophoresis.
In this study, we used gel electrophoresis and circular dichroism (CD) to identify the unexpected complex. We also investigated the activity of this complex in cleavage reactions. To compare the catalytic activities of Dz31, a mutated DNA enzyme (31mer) [Dz31-(G8A)] in which the central G within the continuous stretch of guanine nucleotides was replaced by A, and a modified DNA enzyme (31mer) [Dz31-(G8deaza)] in which hydrogen bonding within the stretch of G residues was disrupted, we designed substrates with an mRNA (17mer) motif (b2a2) and a modified mRNA (17mer) motif (b2a2-C10U) ( Figure 1) . We compared the activities of Dz31 and Dz31-(G8deaza) against the substrate with the mRNA (17mer) motif (b2a2) and examined the activity of Dz31-(G8A) against an mRNA (17mer) motif (b2a2-C10U). Dz31-(G8A), which differed from Dz31 only at the position of the eighth nucleotide (from the 5 0 end) that is very important for the enzymatic reaction, was 50 times more active than Dz31 and Dz31-(G8deaza). The present findings suggest that DNA enzymes with a continuous stretch of five or more G residues participate inefficiently in the association step in the enzymatic reaction and that an adenosine at position 8 at the margin of the catalytic core of the DNA enzyme appears more suitable for effective activity than a guanine nucleotide at this position.
Guanine-rich sequences are found in biologically significant regions of the human genome, such as telomeres (18) , immunoglobulin switch regions (19) , gene promoter regions (20, 21) and sequences associated with human diseases (22) . A guanine quartet (G-quartet) is a cyclic array of four hydrogen-bonded guanine bases, in which each base is both the donor and acceptor of two hydrogen bonds with its neighbors through Hoogsteen-type base pairs. The core structure of the Gquadruplexes can be formed in many different ways, and many different structures have been observed. G-quadruplexes are known to be stable under certain conditions. In addition, Gquadruplexes are preferentially stabilized by metal ions. Monovalent ions typically interact predominantly with the negatively charged phosphate groups on DNA. However, in G-quartets, monovalent ions interact with eight carbonyl The mutated DNA enzyme Dz31-(G8A) and its substrate b2a2-(C10U). (C) Segments of DNA enzymes that were examined by gel electrophoresis. (D) 7-Deazaguanine, the modified DNA enzyme Dz31-(G8deaza) and its substrate (b2a2), which were used in comparisons with wild-type Dz31.
oxygen atoms. It is likely that the ion-binding properties of Gquadruplexes might be the most important contributor to their unique behavior (23) .
The DNA enzyme (31mer) Dz31 and segments of this enzyme, namely, DNA (10mer) (D10), DNA (8mer) (GAAG 5 ) and DNA (6mer) (AG 5 ), which had a stretch of five continuous guanine nucleotides, each formed a band of lower mobility (upper band) during gel electrophoresis, as well as the expected band, whereas a modified DNA enzyme (31mer) [Dz31-(G8deaza)], a mutated DNA enzyme (31mer) [Dz31-(G8A)], and part of this enzyme DNA (10mer) [D10-(G8A)], which had no similar continuous stretch of guanine nucleotides, did not form an upper band. The measurements of CD revealed spectra typical of a G-quadruplex only in the case of oligomers with a continuous stretch of five guanine nucleotides. The CD data supported the results of gel electrophoresis and strongly suggested that the upper band on gels was due to the formation of a G-quadruplex. Importantly, some upper bands of derivative oligomers were found to be dimeric G-quadruplexes and their dimerization could be inhibited by 5 0 phosphorylation. A B
MATERIALS AND METHODS

Synthesis
C D E
followed by ethanol precipitation and desalted by passage through a NAP 10 column (Amersham Pharmacia Biotech AB, Uppsala, Sweden) that had been equilibrated with milli-Q water. Dz31-(G8deaza) was obtained from Japan Bio Service, Inc. (Saitama, Japan). Other DNAs were obtained from Hokkaido System Science Co., Ltd (Sapporo, Hokkaido, Japan) and Espec Oligo Service Corp. (Ibaraki, Japan). The DNAs were purified on a 20% polyacrylamide gel and preparations were desalted on a NAP 10 column.
Gel electrophoresis
Gel electrophoresis was performed with 32 P-labeled or nonlabeled oligonucleotides. For the preparations of labeled samples, oligonucleotides were 5 0 end-labeled with [g-32 P]ATP using T4 polynucleotide kinase (Takara Bio, Inc., Shiga, Japan) and then mixed with unlabeled oligonucleotides to give appropriate final concentrations. Samples were analyzed on a 20% denaturing polyacrylamide gel that contained 100 mM KCl and have been equilibrated at 4 C for 3 h. Electrophoresis was performed in 100 mM Tris-borate buffer that contained 100 mM KCl overnight at room temperature. In the experiments with non-labeled oligomers, DNAs in 100 mM KCl were loaded onto 20% polyacrylamide gels without further processing, and then stained with Mupid-Blue (ADVANCE-BIO, Tokyo, Japan).
CD measurements
Samples were dissolved in 10 mM sodium cacodylate, 100 mM KCl or 1 M urea, as necessary. The pH of each solution was adjusted to 6.7. CD spectra were recorded on a spectropolarimeter (J-820; Jasco, Tokyo, Japan) equipped with a temperature controller (PTC-423L; Jasco). For each sample, scans were performed over the range of wavelengths from 220 to 350 nm and a temperature range of C in a cell with a 1 cm path length. The scan of each respective buffer was subtracted from the scan of each sample. The spectra were plotted in units of millidegrees versus wavelength and normalized to the total concentration of each species. The cell-holding chamber was flushed with a constant stream of dry nitrogen gas to avoid condensation of water on the exterior of the cell. All the experiments were performed at least twice to confirm the reproducibility of results.
Measurements of kinetic parameters
In general, reactions were initiated by the addition of metal ions and were stopped by the removal, at appropriate intervals, of aliquots of the reaction mixture, which were mixed with an equivalent volume of a solution that contained 100 mM EDTA, 9 M urea, 0.1% xylene cyanol and 0.1% bromophenol blue. The substrates were labeled with [g-32 P]ATP by T4 polynucleotide kinase. Substrates and 5 0 -cleaved products were separated by electrophoresis on a 20% polyacrylamide/ 7 M urea denaturing gel and were detected by autoradiography. The extent of cleavage was determined by quantitation of radioactivity in the bands of substrate and product with a Bio-Image Analyzer (STORM; Molecular Dynamics, Sunnyvale, CA).
Assays of activities of Dz31 and Dz31-(G8deaza) were performed in 25 mM MgCl 2 and 50 mM Tris-HCl (pH 8.0) at 37 C, under single-turnover conditions, with incubations for 20, 40, 60, 120, 240 and 420 min. In the case of Dz31-(G8A), 50 mM Bis-Tris-HCl (pH 6.0) buffer was used and reaction mixtures were incubated for 5, 10, 20, 30, 60 and 120 min. To obtain kinetic parameters, we performed reactions under multiple-turnover conditions using 0.05-10 mM DNA enzyme, 1-200 mM RNA, 25 mM MgCl 2 and 50 mM Tris-HCl buffer (pH 8.0) at 37 C. Values of K m and k cat were calculated from Eadie-Hofstee plots.
RESULTS AND DISCUSSION
Formation and identification of a low-mobility form of DNA enzyme
We examined the formation of low-mobility forms (upper bands) of DNA enzymes and of segments of these enzymes by non-denaturing and denaturing PAGE (Figure 2 ). Figure 1 shows the sequences of DNA enzymes and the segments of these enzymes that we used in these experiments and their corresponding mobilities on a denaturing polyacrylamide gel are shown in Figure 2A and B. The mutant DNA enzyme Dz31-(G8A) ( Figure 1B ) and the modified DNA enzyme Dz31-(G8deaza) ( Figure 1D ) differed from the parental Dz31 ( Figure 1A ) in that the continuous stretch of five G residues was disrupted. In the experiments for which results are shown in Figure 2A and B, the oligonucleotides were denatured completely by heating at 96 C for 3 min, then they were allowed to equilibrate at the desired temperature for 4 h in the presence of K + ions before being loaded onto 20% non-denaturing and denaturing polyacrylamide gels that were maintained at a specific temperature during electrophoresis. The samples were initially radiolabeled at their 5 0 termini with [g-32 P]ATP and purified by gel electrophoresis. Then, unlabeled oligonucleotides were mixed with labeled oligonucleotides to give the appropriate concentrations.
Dz31 and its derivatives, D10, GAAG 5 and AG 5 , each yielded two bands during electrophoresis on a 20% nondenaturing gel in the absence of urea (data not shown). They also yielded two bands on a denaturing polyacrylamide gel in the presence of urea (Figure 2A ). In contrast, Dz31-(G8A) and its derivative D10-(G8A) each yielded a single band (Figure 2A, lanes 1 and 4) , as did Dz31-(G8deaza), on a denaturing gel ( Figure 2B, lane 1) . The mobilities of the lower bands indicated that the free oligonucleotides were of the expected size relative to that of the marker. The mobility of the upper band suggested that it was composed of material of 4 times the molecular weight of the material in the lower band. In other words, the mobility of a reference oligonucleotide with 4 times the molecular weight of Dz31 was almost the same as that of the material in the upper band (data not shown). According to the literature (23-25), our data suggested that the material in the upper band might have been a tetramer formed by intermolecular hydrogen bonding ( Figure 2F ).
To examine this hypothesis, we mutated to yield Dz31-(G8A) and its derivative D10-(G8A) at G8, the middle guanine nucleotide in the continuous stretch of five guanosine, changing G to A. In Dz31-(G8deaza) (Figure 1D ), this G residue was modified by 7-deazaguanine, which breaks the hydrogen bond between the imidazole nitrogen (N 7 ) and the exocyclic-amine group of another guanine nucleotide. This mutation prevented the appearance of an upper band ( Figure 2B ). Therefore, it appeared that the upper bands were due to the five adjacent guanine nucleotides in the sequences, which should easily form a G-quadruplex as a result of intermolecular aggregation (23) (24) (25) (26) (27) (28) . Thawing and melting increased the intensity of the upper band of both Dz31 and its derivatives (data not shown), in agreement with previously reported results (29) .
Interference with dimerization of G-quadruplexes by terminal phosphate groups
To enhance our understanding of the formation of G-quadruplexes, we also examined several oligonucleotides
whose sequences were derived from Dz31. For the preparation of the phosphorylated oligomers shown in Figure 2C , we used T4 polynucleotide kinase to label oligomers with [g-32 P]ATP. As shown in Figure 2C , GAAG 5 formed an upper band, but G 5 CTA and G 5 did not. It is probable that negative charge-charge repulsion disrupted the formation of a G-quadruplex when a phosphate group was added directly to the 5 0 -terminal G of a stretch of four or more guanosine residues. In fact, Figure 2C shows that no upper bands were formed by G 5 CTA and G 5 , which might have a phosphate group at the 5 0 -terminal end of the G 5 region.
In the experiments for which results are shown in Figure 2D , we used the new reagent Mupid-Blue for the high-sensitivity detection of non-labeled oligomers. In contrast to the apparent absence of a G-quadruplex in Figure 2C , staining with Mupid-Blue indicated that GAAG 5 and G 5 CTA yielded upper bands in each case, probably a result of the formation of a parallel G-quadruplex ( Figure 2D , lanes 5 and 6). Therefore, the absence of upper bands that corresponded to G 5 CTA and G 5 in Figure 2C was due to the fact that the T4 polynucleotide kinase was unable to attach phosphate groups to the termini of the G-quadruplexes and it was not due to disruption of the formation of a G-quadruplex by negative charge-charge repulsion.
To analyze the effect of phosphate groups, we prepared several oligomers with and without a phosphate group. The phosphorylated oligomers used in experiments for which results are shown in Figure 2E were synthesized by chemical addition of a phosphate group at the 5 0 or 3 0 end. As shown in Figure 2E , upper bands were detected in cases of GAAG 5 (lanes 1-3) and G 5 CTA (lanes 5-7) with or without a terminal phosphate.
Although the formation of these G-quadruplexes was very reasonable with 'G-continuous' DNAs, we did note an unexpectedly large difference in terms of electrophoretic mobility between G 5 CTA and pG 5 CTA ( Figure 2E , lanes 5 and 6). We postulated that the G-quadruplexes formed by four molecules of G 5 CTA might form a dimeric G-quadruplex (two molecules of G-quadruplexes), as shown in Figure 2F . Since this kind of head-to-head dimerization of two sets of G-quadruplexes is known to be inhibited by the addition of one thymine nucleotide at the 5 0 terminus (30) (31) (32) and in an attempt to explain the difference in mobilities, we prepared a one-thymine-nucleotide-supplemented oligomer (TG 5 CTA) and subjected it to gel electrophoretic analysis. We found that the mobility of TG 5 CTA was almost identical to that of pG 5 CTA, a monomeric G-quadruplex ( Figure 2E ). It appears that both TG 5 CTA and pG 5 CTA formed a simple parallel G-quadruplex.
While the reasons for these interesting phenomena are now somewhat clearer, several questions remain. The mobility of GAAG 5 , which is potentially capable of forming a tail-to-tail dimeric G-quadruplex, was nearly the same as that of the monomeric G-quadruplex of GAAG 5 T ( Figure 2E, lanes 1  and 4) . It appears that GAAG 5 formed a simple parallel Gquadruplex in the same way as did GAAG 5 T, despite the fact that most of the corresponding oligonucleotides examined in earlier similar studies formed a dimeric G-quadruplex with a 3 0 -G terminus (30) (31) (32) . We are at present trying to examine this issue by analyzing many related derivatives.
Finally, although the newly discovered dimerization of the G-quadruplexes formed by G 5 CTA is not unexpected, considering the G-G face interactions, it is noteworthy that the addition of a phosphate group at the 'G-terminal' end (pG 5 CTA) interfered with the dimerization of G-quadruplexes, just as the addition of a thymidine disrupted the formation of dimers ( Figure 2E and F) . To our knowledge, this is the first demonstration of interference in the G-G face interactions by terminal phosphate groups.
CD spectra of various oligomers
As noted above, the unexpected upper bands seen after gel electrophoresis seemed to be due to the formation of monomeric and dimeric G-quadruplexes. A simple way to confirm such a possibility is to record the CD spectra of such oligomers since a four-stranded quadruplex has a very specific spectrum that is due to the formation of a G-quadruplex. For example, parallel four-stranded quadruplexes are known to have a characteristic strong positive CD band at $262 nm and a negative band at 240 nm, whereas antiparallel folded quadruplexes have a positive band at 295 nm and a negative band at 260 nm (25) . We applied this technique to the oligomers used in this study and confirmed that G 5 yielded spectral pattern of a parallel four-stranded quadruplex, as a positive control. As shown in Figure 3A(a) , the spectra that we recorded coincided with those in previous reports by other groups, with a characteristic strong positive CD peak at 260-263 nm and a negative peak at 240 nm in the presence of 100 mM of KCl, at neutral pH, over a wide range of temperatures. In the presence of 1 M urea and $10 mM NaCl (a component of the buffered solution) instead of 100 mM KCl, these strong peaks disappeared at higher temperatures, as shown in Figure 3A (b). This phenomenon was not unexpected since urea breaks hydrogen bonds between base pairs by interacting with functional groups of nucleobases. We defined the spectra and the changes in spectra with changes in temperature in the presence of 100 mM KCl or 1 M urea without K + ions as the criteria by which the presence or absence of a four-stranded quadruplex is assessed.
We monitored the CD spectra of Dz31 with changes in temperature in the presence of 100 mM KCl and in 1 M urea without K + ions. As shown in Figure 3B , strong positive and negative peaks were observed above 270 nm and above 240 nm, respectively, over the entire range of temperatures examined. These peaks did not disappear, even at 95 C and in the presence of 1 M urea. However, the value at 260 nm decreased dramatically, falling to zero in the case of urea, with a smaller decrease in the case of KCl, as shown in Figure 3B(c-e) . Although the spectral patterns of Dz31 upon changes in temperature were somewhat ambiguous, the difference between the changes in intensities at 260 nm suggests the existence of a four-stranded quadruplex in the presence of KCl. The ambiguity might have been due to the existence of several other spectral forms, e.g. the catalytic core.
To facilitate our analysis, we decided to monitor the spectra of D10 at various temperatures. The sequence of the D10 motif is the same as that of the first 10 nt from the 5 0 end of Dz31. The spectrum had strong positive and negative peaks at 261 and 240 nm respectively, as seen also in the spectrum of G 5 ( Figure 3C) . Thus, the region adjacent to the continuous stretch of five guanosine nucleotides in D10 did not affect the formation of parallel fourstranded quadruplexes in KCl. In the presence of 1 M urea without KCl, the heights of peaks at 264 and 240 nm fell to zero at higher temperatures, as seen also in the case of G 5 itself [ Figure 3C(c-e) ].
Comparison of the results of CD spectroscopy and gel electrophoresis
As noted in our discussion of the results of gel electrophoresis, several oligomers containing five adjacent guanosine nucleotides, such as Dz31, D10, GAAG 5 and AG 5 , yielded unexpected bands with reduced mobility, as well as the expected bands, during electrophoresis, namely, 'upper bands' (Figure 2A) . These oligomers yielded similar CD spectral patterns and changes in patterns in KCl and urea, even though the spectra of Dz31 were rather complicated. Since the patterns of CD spectra were due, apparently, to parallel fourstranded quadruplexes that were associated with the formation of G-quadruplexes, it seems likely that the upper bands were due to the complexes that consisted of parallel four-stranded quadruplexes.
In contrast to the above-described results, D10-(G8A) did not form an upper band on the gel (Figure 2A ) and did not yield a CD spectrum typical of a parallel four-stranded quadruplex ( Figure 3D ). This result was to be expected since D10-(G8A) did not include five adjacent guanosine nucleotides: the middle guanosine was replaced by adenosine and the formation of a G-quadruplex was inhibited. Comparing the CD spectra and results of electrophoresis for Dz31 and D10 with those for Dz31-(G8A) and D10-(G8A), we can clearly see that four or more adjacent guanosine nucleotides are responsible for the formation of a G-quadruplex by the DNA enzyme.
Interference in reactions by the G-quadruplex
The sequences of the DNA enzymes and the substrates that bind through Watson-Crick base pairing are shown in Figure 1 . We found earlier that Dz31, which is 31 nt long, was the most effective DNA enzyme; it cleaved the substrate between the indicated guanosine and cytidine residues of b2a2 mRNA (14, 15) . To investigate the influence of the G-quadruplex on catalysis by the DNA enzyme, we prepared two analogs, Dz31-(G8A) and Dz31-(G8deaza). Dz31-(G8A) included adenosine instead of guanosine at position 8 in Dz31. The replacement of G by A in the middle of the five adjacent guanosine residues hinders the formation of a parallel fourstranded quadruplex. Dz31-(G8deaza) had an N 7 -deazaguanosine moiety at position 8 and it too failed to yield an upper band on gels ( Figure 2B ). D10-(G8A) also did not produce CD patterns characteristic of the formation of a Gquadruplex ( Figure 3D) . We adjusted the substrate of Dz31-(G8A), by changing C to U, to allow the formation of a base pair between Dz31-(G8A) and its substrate [b2a2-(C10U)] (Figure 1) .
We calculated the kinetic parameters of the DNA enzymes by performing RNA-cleavage reactions under single-and multiple-turnover conditions. The cleavage products were analyzed by electrophoresis on a 20% polyacrylamide/7 M urea denaturing gel, as shown in Figure 4 . The reactions with Dz31 and Dz31-(G8deaza) under single-turnover conditions were performed in 50 mM Tris-HCl (pH 8.0) plus 25 mM Mg 2+ at 37 C. We used a lower pH, namely pH 6.0, for Dz31-(G8A) in order to slow down the rates of reactions so that we could make accurate measurements of kinetic parameters under single-turnover conditions in 50 mM Bis-TrisHCl (pH 6.0). To obtain the kinetic parameters K m and k cat under single-turnover conditions, we used the equation Figure 5A -C) and the results are summarized in Table 1 .
The mixtures for multiple-turnover reactions contained 0.5-10 mM DNA enzyme [Dz31 or Dz31-(G8deaza)] plus 1-50 mM b2a2 mRNA and 0.05-1 mM Dz31-(G8A) plus ions at 37 C. Cleavage rates were obtained from the initial slopes of the curves of the time courses of reactions, and K m and k cat were calculated from Eadie-Hofstee plots ( Figure 5D-F) . The results are summarized in Table 2 .
The K m values of Dz31-(G8deaza) and Dz31-(G8A) were smaller than that of Dz31, as shown in Tables 1 and 2 . Since Dz31-(G8deaza) and Dz31-(G8A) do not form quadruplexes, they can bind easily to their substrates. In contrast, Dz31 can form a quadruplex and, thus, the association of the DNA enzyme with its substrate is impaired. Since the preformed G-quadruplex seemed to be extremely stable (inert), it is difficult to unfold Dz31-quadruplex to accommodate its substrate RNA (33) . As a result, the observed K m of Dz31 was larger than those of Dz31-(G8deaza) and Dz31-(G8A). The k cat value of Dz31-(G8deaza) was similar to that of Dz31, as shown in Tables 1 and 2 . This result is reasonable since k cat reflects the cleavage rate under saturating conditions, implying that the formation of a G-quadruplex does not affect the chemical step during cleavage.
The k cat value of Dz31-(G8A) was much higher than that of Dz31 and Dz31-(G8deaza), as shown in Figure 4 and summarized in Tables 1 and 2 . The cleavage reaction catalyzed by Dz31-(G8A) was too fast for measurements of kinetic parameters at pH 7 and 8, and the reaction seemed to be pH dependent, as is the case for reactions catalyzed by hammerhead ribozymes (3, 34) . The difference between the reactions catalyzed by Dz31-(G8deaza) and Dz31-(G8A) involves the difference in sequence at position 8 in the DNA enzyme and the complementary sequence in the substrate. In the former case, there is an N 7 -deazaG-C base pair and in the latter case there is an A-U base pair. In neither case does a quadruplex form. The different base pairs produce extremely different k cat values that reflect the chemical step during cleavage. It is possible that the combination of the A-U base pair moves the conformation in the vicinity of the catalytic site closer to the transition state with lower energy and, thus, the A-U base pair is more effective than the G-C base pair at this position (35) .
It seems probable that the difference in kinetic parameters between Dz31 and Dz31-(G8A), as shown in Tables 1 and 2 , was due to at least two factors: (i) the formation of a G-quadruplex, which affects K m and (ii) the conformation in the transition state, which affects k cat .
CONCLUSION
We have analyzed in detail the formation of quadruplexes by DNA oligomers. Adjacent G residues, even if they are within the catalytic site of the DNA enzyme, form a G-quadruplex, as indicated by gel mobility, CD measurements and kinetic parameters. Addition of negative charges (phosphorylation) to the ends of G-quadruplex-forming oligomers inhibited dimerization of G-quadruplexes. To our knowledge, this is the first example of inhibition of the dimerization of G-quadruplexes by direct phosphorylation of a continuous terminal stretch of G residues. Furthermore, we compared the catalytic activities of Dz31 and its mutant derivatives, such as Dz31-(G8A) and Dz31-(G8deaza), in which hydrogen bonding within the stretch of G residues was disrupted. The values of k cat for Dz31 and Dz31-(G8deaza) were almost the same under single-turnover conditions, but Dz31-(G8deaza) was a slightly more efficient catalyst under multiple-turnover conditions, reflecting the presence of a higher concentration of a more reactive species in the latter case. Dz31-(G8A), which did not form a G-quadruplex and possessed the favorable A-U base pair, was 50 times more reactive than Dz31 and Dz31-(G8deaza). Reflecting the formation of a G-quadruplex, Dz31 had a significantly higher K m than Dz31-(G8A) and Dz31-(G8deaza). As expected, G-quadruplexes within DNA enzymes inhibited catalysis and, thus, selection of corresponding target sequences should be avoided in an effort to maintain high rates of cleavage by DNA enzymes. 
